Abstract. Julius Elster and Hans Geitel contributed to the physics at the turn of the 19-20th century in many ways. We first summarize the life of these exceptional scientists. Then -owing to the topic of this journalwe focus on their atmospheric electricity research. With their experiments, careful evaluations and ingenious interpretation, Elster and Geitel made important contributions to precipitation electricity, the influence of solar radiation on the electric state of the atmosphere, the nature of charge carriers and the ionization of air by radioactivity. They proved their experimental skills by inventing new instruments with unprecedented accuracy and reliability. A very modern concept was their attitude to undertake long-term measurements at various locations. A section on their recognition in the physics community and their scientific distinctions concludes the paper.
Brief biographies
Julius Johann Philipp Ludwig Elster was born on 24 December 1854 in Blankenburg, Germany. His father had studied theology and obtained a doctorate degree at the University of Göttingen but worked as a private teacher. He was married to his niece, Clara Stegmann (1834 Stegmann ( -1894 .
Hans Friedrich Karl Geitel, born on 16 June 1855 in Braunschweig, Germany, was the son of the forest superintendent Carl Geitel (1819 Geitel ( -1875 . When Hans was 6 years old his father received an appointment as head of the forest department in Blankenburg. This little town in the Harz was one of the residences of the dukes of Braunschweig-Lüneburg with a castle from the early 18th century.
The Elster and the Geitel families were neighbours in Blankenburg. Being only 6 months apart in age, Julius and Hans were classmates throughout their entire school life. This companionship set the basis for a life-long friendship. They were both strongly interested in natural sciences, such as physics, chemistry and biology, starting experiments and research together, beyond their school education. They were quite up to date with contemporary scientific developments, experimenting with spectral analysis and electrical phenomena. In spring 1875 they both graduated with Abitur (final high school examinations), entitling them to enter university.
They started their university education in physics and mathematics at the University of Heidelberg. One of their teachers who particularly stimulated Elster's and Geitel's studies was the well-known Professor Georg Quincke . With him they kept a relationship even after their university years, frequently asking for his view and advice during their later research. After their third semester they transferred to the University of Berlin in order to learn from the famous physicists Gustav Kirchhoff (1824-1887) and Hermann von Helmholtz (1821 -1894 , as well as the mathematician Karl Weierstraß (1815-1897).
After the end of their university education in 1878, Elster and Geitel went their separate ways for a few years. Elster returned to Heidelberg and earned a PhD under supervision of his adored teacher Quincke; Geitel moved to Braunschweig, where his mother lived, and applied for a high school teaching position. After passing the state examination he was qualified to lecture in mathematics, physics and chemistry at Realschulen and Gymnasien (types of secondary schools). After his first teaching position at Gymnasium Martino-Katharineum in Braunschweig, Geitel was transferred to Gymnasium Große Schule (Grand School) in Wolfenbüttel on 1 October 1879. Wolfenbüttel, at that time a town of about 10 000 inhabitants, located about 12 km south of Braunschweig, was the main residence of the dukes of Braunschweig-Wolfenbüttel until 1753.
After finishing his doctorate in Heidelberg, Elster strived for a teaching position as well. By lucky circumstances and advocacy of his friend Geitel he also obtained a position at the Große Schule in Wolfenbüttel in April 1881. The two friends were united again! Elster and Geitel remained Gymnasium teachers in Wolfenbüttel for their whole lives, despite the fact that university positions were offered to them (see Sect. 3). They both were talented and dedicated teachers indeed. They had a gift for inspiring their students to pursue a certain subject and were well respected. Almost affectionately they were nicknamed "Jule" (Elster, short for Julius) and "Itsche" (Geitel, meaning "frog", because he had a great collection of frogs). The Primaner (students in their last year of Gymnasium) were invited to private parties with Elster and Geitel; these invitations were highly esteemed. The supervisory school authority honoured their engagement with the titles Oberlehrer (senior teacher) in 1889/1990 and Gymnasialprofessor (professor at Gymnasium) in 1896.
Elster married the daughter of a bank owner on 15 April 1886, but Geitel remained a bachelor until 1922, when he married a cousin (after Elster's death). The Elsters, being financially well off, could afford to build a spacious house twice in their life. These houses and the garden provided enough space for the extensive experiments of both friends (Fig. 1) . Fricke (1992) concluded from the study of the inheritance letters and notes (edited by Kröger, 1981 ) that Elster was a gifted and brilliant experimenter, whereas Geitel was the "thinker" and theorist of the two. Thus they represented an ideal combination of scientists.
Julius Elster died on 8 April 1920 during a health treatment in Bad Harzburg and was buried in the cemetery of Wolfenbüttel. Hans Geitel outlived his friend by three years. He died on 23 August 1923 in Wolfenbüttel and was buried there as well.
Scientific research and achievements
Elster's and Geitel's scientific interests were vast. Their investigations included electric phenomena in gases and liquids, experimental techniques and instruments, material sciences, meteorology, photoelectricity, photometry, and radioactivity. Their main interest, however, was atmospheric electricity. This field was something like a leitmotif in their research; several of the other topics can be regarded as supplementary investigations. Their steps in atmospheric electricity research were based logically on each other, from the measurements of electric quantities of the atmosphere to their nature, their behaviour and their origin, as will be described in the following. The knowledge about atmospheric electricity at the end of the 19th century can be summarized as follows: after the experimental proof that lightning is an electric discharge by Thomas-François Dalibard (1709 -1788 and Benjamin Franklin (1706 -1790 It was assumed at that time that Earth carried a negative charge ab origine and that the varying electric state of the air was caused by exhalations carrying the negative charge upwards. Almost nothing was known about positive charges and about current flow. The electrical state of the atmosphere was assumed to be a solely electrostatic one. For an overview of the history of the field with extensive references, see Israel (1971) and Aplin et al. (2008) .
After publishing their first joint scientific paper about electric phenomena in a flame (Elster and Geitel, 1882) , they developed a theory of the electric processes in thunderstorm clouds. This work was based on Elster's PhD thesis in which he investigated electrical phenomena of finely dispersed liquids (Elster, 1879) . Without knowing about electrons and ions they postulated an interaction of charged mist particles and water droplets, leading to a charge separation and a subsequent discharge as lightning. After extensive measurements they published this Influenztheorie, as they named it, and the corresponding results in several papers (Elster and Geitel, 1885a, b, 1887a, b) and presented a summary at the 99th Session of the Kaiserliche Akademie zu Wien (1890). For the necessary measurements of the precipitation electricity they used a device developed themselves using an electroscope (Fig. 2) . It should be noted here that Elster and Geitel designed almost all their instruments themselves. Only in the case that they could not build them on their own did they commission professional instrument manufacturers to produce them. The instruments shown and described in Figs. 2 to 4 are typical examples of their ingenuity and experimental skills. Their instruments provided in most cases an improved quality of the measured quantities compared to previous investigation.
In the course of further investigations of the nature of atmospheric electricity they observed a variation of the potential gradient in the atmosphere during a solar eclipse (Elster and Geitel, 1888) . Their results confirmed ideas of Arrhenius (1888) that solar UV can give the air an electrical condition. They developed an instrument for quantitative measurements of the intensity of solar radiation, called an "actinometer" (Fig. 3) and were able to establish a quantitative relationship with atmospheric conductivity. They actually used the term elektrische Zerstreuung (electric dissipation). After several improvements their photometer was manufactured by the instrument manufacturer Günther and Tegetmeyer in Braunschweig and was widely used by the atmospheric electricity community. They published their results in an extensive report for the Kaiserliche Akademie der Wissenschaften zu Wien .
A very important result of their further experiments in photoelectricity was the invention of the photocell for which they obtained a patent (Elster and Geitel, 1893) . Since these developments and the corresponding results are beyond the scope of this article, they will not be described here (for details see Fricke, 1992) .
A problem with the solar radiation as a source of the electrical state of the atmosphere was that these effects should increase with altitude. The opposite was true however. The arrangement is put into an upward-opening vessel (N) for protection against splashing water and for regulating the incident rain quantity. The whole apparatus was shielded from the atmospheric electric field by a wire mesh (not shown in this figure) (Elster and Geitel, 1890) . The development of this device and the corresponding measurements were funded by the American Elizabeth Thomson Science Fund, Boston (Fricke, 1992) .
Their extensive experiments at various altitudes up to 3000 m showed a decrease with height (Elster and Geitel, 1891) . These results led the two to a new hypothesis on the nature of atmospheric electricity: the Earth and its atmosphere constitute a spherical capacitor (Elster and Geitel, 1895) . The surface of the Earth is negatively charged, the atmosphere positively. The temporal variation of the electric phenomena can then be explained by the exchange and mixing of air at different heights. This was a step towards the concept of the Figure 3 . The zinc-sphere photometer (actinometer). Left: design of Elster and Geitel. The light-protected, amalgamated zinc sphere is connected via the capacitor to an electrometer. Before use, the sphere has to be cleaned carefully with a cloth. Then the system is negatively charged, the light incidence is enabled and the charge loss is monitored on the electrometer . Right: instrument manufactured by Günther and Tegetmeyer (around 1902) . Zinc sphere unit and electrometer are combined into a compact instrument (Fricke, 2011). global electric circuit powered by thunderstorms, discovered after the scientific career of Elster and Geitel (e.g. Wilson, 1921) .
Unexplained by this hypothesis remained how the electrical state of the atmosphere took place and what medium carried the charge. In a series of experiments with a device called Zerstreuungsapparat (it actually measured the conductivity of air; see Fig. 4 ), they investigated the electrical state in detail and came to the conclusion that the air contains small particles of opposite charge. In analogy of the already known ion hypothesis in the electrolysis, they concluded that the positively charged particles are ions (Elster and Geitel, 1899) .
This finding led Elster and Geitel to the question of how the ions and negatively charged particles (they did not use the term "electron", although it was already discovered and named by Stoney, 1894) are produced and maintained. Their explanation resulted from a different field of physics: after the discovery of radioactivity by Henri Becquerel (1852 -1908 ), (Becquerel 1896) , the two became interested in this field and started experiments accordingly. It was already known that radioactive materials ionize the surrounding air. Elster and Geitel measured the behaviour of air in the presence of a radioactive material contained in a bell jar and noticed a similarity with the electric behaviour of free air. They therefore concluded that the atmosphere contains radioactive elements (Elster and Geitel, 1901) . In order to prove this they pulled copper wires through their garden and held the wires at a negative potential of about 1 kV. They used a discovery by Rutherford that radioactive particles settle on negatively charged bodies. After exposing the wires for several hours they wiped the wires with a piece of leather and subsequently posed them on a sheet of photographic paper. The darkening of the paper was definitive proof that radioactive particles were attached to the leather pieces (Fig. 5) . After several weeks they had enough results to publish their discovery that radioactivity causes the ionization of the air (Geitel, 1901) .
But how did the radioactive material get into the air? Experiments with soil samples from different locations finally yielded the result that a radioactive gas emanated from the soil, gets into the air by diffusion and subsequently ionizes the air (Elster and Geitel, 1904 ). This gas, at that time called "radium emanation", had already been discovered in 1900 by Dorn (1901) , and only after 1923 was it named radon (today used as an umbrella term for the isotopes from the decay sequences of radium, thorium and actinium).
This discovery by Elster and Geitel marks what could be considered the pinnacle of their work on atmospheric electricity. In the years after 1904 they published mainly improvements in this field of measuring devices and the results of extended measurements at various locations. They had already pointed out several times that long-term and multi- . Zerstreuungsapparat (dispersion instrument) of Elster and Geitel: the brass cylinder (Z) was contained in a vessel (S) to shield it from the electric field of the atmosphere. Z was directly connected to an electroscope (E) in order to measure the temporal decrease of the charge, being proportional to the atmospheric conductivity. B is a dry battery (Zamboni pile) to charge the cylinder (Fricke, 2011). station experiments are important to understanding atmospheric electricity and established diurnal and annual variations of the corresponding parameters. One of their later experimental campaigns was carried out at Palma on Mallorca from August to September 1905 in order to obtain results before, during and after the solar eclipse of 30 August 1905 (Elster et al., 1906) . These investigations were commissioned by the Carnegie Institution of Washington. Elster and Geitel already had contact with this institution for several years. Aware of the scientific cruises (mainly geomagnetic measurements) of the institution's ships Carnegie and Galilee, they wrote a letter to the institution in January 1902 asking to include atmospheric electricity measurements during future cruises as well (Harrison, 2012) .
Elster and Geitel published numerous papers on radioactivity. In one of these papers (Elster and Geitel, 1899a) they hypothesized for the very first time that radioactivity may be a consequence of decaying atoms. Their work on radioactivity, however, is not the topic of this article (see Fricke, 1992 for details). 
Recognitions and distinctions
Elster and Geitel published about 200 papers during their scientific career, 72 of which dealt with atmospheric phenomena. About three-quarters of all their publications named both Elster and Geitel as authors; the rest were published by only one of them (but in these publications they always acknowledged the work of the partner). Although almost all their articles were published in German (two in English, one in French), both were well recognized in the contemporary international scientific community. This proves their extensive scientific correspondence (kept at the Herzog August Library in Wolfenbüttel, Fricke, 1992; Kröger, 1981) . They were in contact with practically all important physicists of their time, e.g. Wilhelm Conrad Röntgen (1845 Röntgen ( -1923 , Henri Becquerel (1852 -1908 ), Heinrich Rudolf Hertz (1857 -1894 ), Wilhelm Wien (1864 -1924 ), Philipp Lenard (1862 -1947 ), Walter Nernst (1864 -1941 ), Otto Hahn (1879 -1968 ), Max Planck (1858 -1947 and Sir William Ramsay (1852 Ramsay ( -1916 . Famous visitors came to Wolfenbüttel for scientific discussions, like Svante Arrhenius (1859 -1927 ), Ernest Rutherford (1871 -1973 and Joseph J. Thomson (1846 Thomson ( -1940 (Crawford, 1987) . Unfortunately no details are given about the achievements for which they were nominated. The nominators were Adolf von Baeyer (chemist) in 1904 , 1905 and 1909 Many of the contemporary scientific scholars could not understand that Elster and Geitel did not strive for an academic career at a university. Although both received appeals to the Universities of Berlin and Breslau in 1904, they preferred to stay in their positions at the Gymnasium in Wolfenbüttel and to pursue their private research. (The government in Braunschweig acknowledged their scientific work by reducing their teaching hours.) Only after Elster's death did Geitel accept a position as honorary professor at the Technical University of Braunschweig in 1920, three years before he passed away.
In 1915 Elster's and Geitel's former students Karl Bergwitz (1875 -1958 ), Friedrich Harms (1876 -1946 and Hans Witte (1881-1925) (by then physicists as well) prepared a Festschrift to commemorate the 60th birthday of their beloved teachers (edited by Bergwitz, 1915) . Comprising 720 pages, it included 60 contributions of important contemporary physicists, astronomers, chemists and mathematicians. It was a very joyful and emotional experience for Elster and Geitel.
Information about the references
In the following we list only references of Elster and Geitel cited in the text. For a complete list of their publications, see Fricke (1992) . We are not aware of any master or PhD thesis ever written about the two scientists, except a diploma thesis on early cosmic ray research in which Elster's and Geitel's work on radioactivity is covered on a few pages (Federmann, 2003) .
